The paper has been intended to present results of the micro-and macroscopic examination of the structure, as well as measurements of micro-hardness of surface layers of specimens made from the toughening (heat-treatable) constructional steel 50H subjected to laser hardening. Basing on X-ray examination with the DRON-4 and the Seifert XRD 3003 diffractometers, parameters of crystalline lattice and quantitative contents of particular phases have been found.
Introduction
The use of a laser beam for various purposes, e.g. the marking, boring, cutting, fusion welding, quench hardening, alloying, ablation, up to the enrichment of a near-surface layer with alloy constituents, and laser shock peening, represents a wide range of up-to-date issues and is developed in numerous research and manufacturing centres all over the world.
The laser treatment exhibits many advantages, including top accuracy and high speed of all operations, capability to get high-density energy, good quality of any surface after treatment (clean and smooth after, e.g. cutting) with no need for any further finishing, etc. A wide range of materials that can be treated with a laser beam, easy automation and controllability of the process and capability to integrate it with other manufacturing processes/engineering systems, limited noise level -all these factors favourably affect occupational safety and health, ergonomic features of workplaces, and make the laser treatment an economical solution.
The laser treatment can be restricted to very small areas of the workpiece, which mitigates mechanical deformations and reduces them to heat-affected areas only. As the duration of laser pulses and the laser-radiation power density can vary over a pretty wide range, materials can be heated up to temperatures suitable for a given laser-treatment process. The specific nature of many manufacturing processes, carried out with the laser radiation engaged, consists in the fact that huge amounts of energy can be delivered to micron-sized areas of the treated material in such a short period of time that demanded changes in the heat-affected zones are completed before the heat is transferred to adjacent areas. That is why the laser treatment can be used to remove impurities from the material. Another highly appreciated advantage of the laser treatment is its capability to carry out material processing with high accuracy and no need to dismantle devices subjected to this treatment (e.g. the tuning of electronic circuits by means of the laser correction of the resistance or capacitance of components in such circuits).
The ever increasing number of publications on the laser treatment proves the issues of the laser materials processing remain open. This study covers the laser hardening of the 50H toughening steel, and the microstructure analysis of the constituted surface layer.
Testing conditions and procedures
Cylindrical samples ∅8 mm in diameters and 22 mm high, made of the normalized (heat-refined) 50H steel, of the pearlite-and-ferrite structure (C-0.43, Mn-0.64, Si-0.24, P-0.03, S-0.02, Cr-0.95, Cu-0.19, Ni-0.22, Mo-0.07) were prepared for laser irradiation. The surface roughness of samples, expressed with the R a parameter, was 0.63 µm. The irradiation process was carried out using a molecular CO 2 laser of average power 150 W; the laser was operated in the quasicontinuous wave mode. A characteristic feature of the laser used for the irradiation is a nearly uniform energy density distribution across a laser beam. Specimens were relocated against the laser beam by means of a table that imparted angular and plane motion of the specimen axis.
The following parameters of the laser-beam treatment were applied: -pulse duration: t = 600 ms (period T = 1000 ms, continuous operation), the pulse duty factor -60%, -linear velocity of the laser-beam travel: v = 12. Parameters of the laser processing enabled irradiation of the same surface for several times because the laser spot diameter was larger than the laser beam travel.
The specimen subjected to analysis, when irradiated with a laser beam, was initially evaluated with macroscopic methods. Photo 1 shows the specimen's surface layer presenting metallic grey sheen. The surface roughness increased to Ra = 1.76 µm. Then, the specimen was subjected to further examination: measurements of microhardness distribution were taken upon the polished metallographic section perpendicular to the specimen axis. The Neophot 32 light microscope supplemented with the Hanneman's adapter was used to take the measurements. Fig. 1 illustrates the results gained.
Very interesting in this distribution is high near-surface hardness reaching 1000 HV0.1, then some fairly rapid decrease in the hardness down to 500 HV0.1 at 0.05 mm below the surface and that it increases again to approx. 700 HV0.1 at the depth of 0.45 ÷ 0.5 mm. For the depths ranging from 0.15 to 0.43 mm decreases very gently to become equal to the microhardness of the specimen core.
Further macroscopic analysis of the microstructure on surfaces of the crossand longitudinal sections of the nital-etched specimen was also carried out. Photo 2 presents the microstructure displays. In the near-surface zone, at the depth up to 50 µm dendrites can easily be seen, with well distinguished cristalline direction perpendicular to the surface -in the direction of heat abstraction. Then, there is an intermediate layer, i.e. a boundary between the melted zone and the zone that had been subject to solid state transition. This is the area where decrease in microhardness occurs. Even more in depth, in the region of slight microhardness increase, a martensitic structure is clearly visible.
The X-ray examination on the DRON-4 diffractometer was carried out with the FeK α radiation of the average weighted wavelength λ Kα śr = 1,937 Å. In order to eliminate the K β radiation, the Ni filter was used. The measurements were taken with the measurement step size of 0.01° applied, within the angle scale of 2Θ, whereas time of the pulse counting was 10 s for each angular position of the counter. The comparative X-ray phase analysis was carried out by means of the X-ray diffraction method using the Seifert XRD 3003 diffractometer with a graphitecrystal monochromator.
Diffraction records (Tab. 2) were taken using filtered radiation of the CoK α lamp, of spectral wavelength α = 0.17902 nm, and under the lamp-specific operating conditions 30kV/30mA. A decisive factor in the selection of radiation was the optimal ratio of the intensity of diffraction lines to the intensity of diffraction-pattern background, at some suitable depth of X-ray penetration into the structure of material under examination (approx. 0.05 mm for the CoK α lamp applied, perpendicular to the specimen surface). Interplanar distances (d) for specific angular position 2Θ were recorded using the Seifert Analyse software and the DHN PDF 2 database. Diffraction patterns of the examined steel subjected to laser-beam treatment are presented in Figs 2 and 3. (Table 1) were determined using the WinFit software; individual diffraction curves were determined by means of the Pearson VII function. Analysis of intensities and interdependences between square sines of Bragg angles of particular reflexes indicate that there are two phases in the material under examination: the regular and the tetragonal ones. The Miller indices taken from diffraction patterns are listed in Table 1 . Parameters of the crystallographic lattice were found using the computational model proposed by Cohen [1, 3] and based on the least squares method, with account taken of corrections introduced in [1] .
The quantitative contents of particular phases are represented by the J-Net parameter. The full width at half maximum (half-intensity width) and interplanar distances were used to find lattice constants. Basing on data in Table 1 and wavelength of the applied radiation λ = 1.93728 Å, and with the Mat-Cad software applied, lattice constants for both the phases were calculated: a) for regular phase: [2, 3] . The other phase has a face-centred cubic lattice with a = 8.396 Å.
High value of the cubic lattice parameter proves that a chemical compound with high degree of order was formed in the laser beam treated layer, whereas the obtained value of the lattice constant and the colour of the formed layer suggest that the chromite spinel FeCr 2 O 4 with 56 atoms per unit cell was formed. Fig. 4 shows the diagrammatically mapped spinel.
The with the X-ray method acquired information has been collected in the material layer 10 ÷ 50 µm deep. It is generally known that the depth to which the X-rays penetrate the material under examination depends on the Bragg angle and follows equation (1) [4, 5] :
where: Θ -the Bragg angle, µ -linear absorption coefficient, t -depth to which X-rays penetrate the material under examination. Output data to find the linear absorption coefficient has been tabulated in Table 3 . Table 3 and formula (2) . How changes in the depth of the FeK α radiation absorption depend on the Θ angle has been illustrated in 
Conclusions
The irradiation of the 50H steel with a laser beam was carried out followed with measurements of microhardness and analysis of microstructure on the constituted surface layer. The characteristic distribution of microhardness indicates to the structure of the surface layer composed of areas of high and low hardness.
The dendrite structure can be found in the near-surface zone. Diffractometric measurements give grounds to find two hard structures in this zone, namely the martensite and the chromite ones.
The outlined findings suggest that the steel can be not only properly hardened but also protected with an anti-corrosion film deposited upon it. The scope of topics to be dealt with remains open. At the same time, there is a real need for further research work in the areas such as the analysis of corrosion resistance of the constituted surface layer, or the testing work on mechanical properties of machine structural components with constituted surface layers.
It should also be emphasised that findings of the X-ray examination carried out exclusively in the near-surface layer deliver pretty limited information only.
